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Pemphigus vulgaris (PV) is an autoimmune blistering disease caused by IgG autoantibodies against desmoglein 3
(Dsg3). In this study, we characterized the ultrastructural localization of in vivo-bound IgG, Dsg3, and desmoplakin
during the process of acantholysis in an active mouse PV model, using post-embedding immunoelectron
microscopy. In non-acantholytic areas of keratinocyte contact, IgG labeling was restricted to the extracellular part
of desmosomes, and was evenly distributed throughout the entire length of the desmosome. The distribution of
in vivo IgG was similar to that of anti-Dsg3 labeling in the control mouse. Within the acantholytic areas, there were
abundant split-desmosomes with keratin ﬁlaments inserted into the desmosomal attachment plaques. These split-
desmosome extracellular regions were also decorated with anti-Dsg3 IgG and were associated with desmoplakin
staining in their cytoplasmic attachment plaques. No apparent split-desmosomes, free of IgG-labeling were
observed, suggesting that Dsg3 was not depleted from the desmosome before the start of acantholysis in vivo.
Desmosome-like structures (without keratin insertion) were found only on the lateral surfaces of basal cells, but not
on the apical surfaces at the site of acantholytic splits. These ﬁndings indicate that anti-Dsg3 IgG antibodies can
directly access Dsg3 present in desmosomes in vivo and cause the subsequent desmosome separation that leads
to blister formation in PV.
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Pemphigus vulgaris (PV) is a life-threatening autoimmune
blistering disease of the skin and mucous membranes,
which was clinically characterized by flaccid blisters and
erosions and histopathologically, by cell–cell detachment
between basal and suprabasal keratinocytes, resulting in
suprabasal acantholysis. The PV target antigen is desmo-
glein 3 (Dsg3), a transmembrane desmosomal component
that belongs to the cadherin supergene family (Amagai et al,
1991, 1992). Previously, the ultrastructural localization of the
binding site of PV patients’ IgG in normal human skin
sections was localized to the extracellular portion of the
desmosome using immunogold electron microscopy (EM)
(Shimizu et al, 1995). But the ultrastructural localization of
in vivo-bound IgG in PV patients’ skin is still controversial.
Some reports have demonstrated IgG localization only in
the desmosomal plaque (Akiyama et al, 1991; Karpati et al,
1993; Shimizu et al, 1995), whereas others showed it along
the entire plasma membrane including parts of the non-
desmosomal plasma membrane (Wolff and Schreiner, 1971;
Patel et al, 1984; Bedane et al, 1996). There have been no
in vivo studies using post-embedding immunogold as a
marker due to technical difficulties in detecting IgG in resin-
embedded samples, and this discrepancy is in part, due to
the use of peroxidase as a probe, which forms a signal over
a relatively large area that may obscure precise observation
of the underlying ultrastructure.
Recently, we have generated a novel experimental
murine PV model by transferring splenocytes from a Dsg3
/ mouse, which was immunized with recombinant
mouse Dsg3, to Rag2 / immunodeficient mice that
normally express Dsg3 (Amagai et al, 2000). These models
stably produced anti-Dsg3 IgG and developed typical
features of PV including oral erosions with suprabasal
acantholysis and eosinophilic spongiosis (Ohyama et al,
2002). Furthermore, these model mice showed an ultra-
structural PV phenotype that included rows of basal
keratinocytes with a ‘‘tombstone-like’’ appearance and
formation of split-desmosomes (Shimizu et al, 2002). These
results suggest that the PV model mice faithfully represent
the disease phenotype from both an immunological and
ultrastructural point of view, and that this mouse in vivo
model can help to elucidate the immunomolecular mechan-
isms of blister formation in PV. The purpose of this study is
to clarify the ultrastructural localization of in vivo-bound IgG
using post-embedding immunogold EM and to elucidate
the molecular pathological mechanisms of blister formation
by demonstrating the fate of IgG-bound desmosomes in PV
model mice. Here we demonstrate that, at non-acantholytic
sites, the in vivo-bound IgG is exclusively localized to the
extracellular portion of the desmosome and this distribution
Abbreviations: Dsg, desmoglein; EM, electron microscopy; KF,
keratin filament; PV, pemphigus vulgaris
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is identical to that of Dsg3 which was detected in normal
control mice using immunogold EM. Our findings also
indicate that split-desmosomes, which are a dramatic
morphological feature of the acantholytic process, were
also decorated with anti-IgG gold particles and that these
split-desmosomes maintained their connections with the
keratin filaments (KF) via desmoplakin.
Results
Anti-Dsg3 autoantibodies were localized to the extra-
cellular portion of desmosomes in control mice The
ultrastructure of the post-embedding immuno-EM in control
mice was well preserved. Low magnification views of the
sections showed that the majority of gold probes, which
labeled Dsg3 using the serum from the PV model mouse,
were localized at the desmosome and almost no other
labeling was observed in the interdesmosomal cell mem-
brane or intracellular region of the keratinocytes (Fig 1a).
High magnification views of the sections demonstrated that
most of the polyclonal anti-Dsg3 antibodies bound between
the two attachment plaques of a desmosome and almost
no other labeling was observed (Fig 1b, c). This result is
consistent with previous binding pattern of PV patients’ sera
to the desmosomes of normal human epidermis (Shimizu
et al, 1995). No desmosomal labeling was seen on the
sections of control mice using normal mouse serum (data
not shown).
In vivo-bound IgG was mainly deposited over the
extracellular portion of the desmosome in non-acantho-
lytic areas of the PV model mice The ultrastructure of the
PV model mice was also well preserved. Low magnification
views demonstrated that the gold probes, which labeled
in vivo-bound IgG in the PV model mice, were mainly
localized at desmosomes in the non-acantholytic areas and
very little labeling was observed in the intracellular portion
of the cells (Fig 2a, b). In addition, there was both linear and
discontinuous labeling on the lateral surfaces of the basal
keratinocytes (arrowheads in Fig 2b), but these findings
were not observed in the control mice. High magnification
views demonstrated that the majority of desmosomes were
decorated with colloidal gold and that the IgG autoantibo-
dies were specifically deposited between the two cells
attachment plaques of the desmosome, i.e., within the
extracellular region of the desmosome (Fig 3a, b). No
significant labeling was seen over the control mouse sec-
tions in mucous membrane samples (not shown). Double-
sided immunogold labeling of the sections demonstrated
extensive desmoplakin (5 nm gold) labeling localized to
between the plasma membrane of the desmosomes and
KFs over the attachment plaque, whereas mouse IgG was
deposited over the extracellular portion of the desmosome
(Fig 3c). Furthermore, double-sided labeling of mouse IgG
(15 nm gold) and b-catenin (5 nm gold) showed distinct
binding sites within extracellular portion of the cell over the
desmosome and within the intracellular region of adherens
junctions in the interdesmosomal areas, respectively (Fig 3d).
The ultrastructural localization of Dsg3 in control mice
was similar to that of in vivo-bound IgG in the PV model
mice By careful measurement of desmosome thickness,
369 gold particles that labeled the PV antigen in control
mice and 383 that labeled the deposited IgG in the PV
model mice were converted into their respective percentage
frequencies, because of the thickness of each desmosomes
was subtly different. In control mice, 88.9  3.21% (95%
confidence interval) of the Dsg3 labeling recognized on
section using the PV model mouse serum were located
within the extracellular portion of the desmosome (Fig 4a).
Figure1
The majority of Dsg3 labeling in
the oral mucous membrane of
control mice was located within
extracellular portion of desmo-
somes. Sections of oral mucous
membrane from control mice were
incubated with PV model mouse
serum followed by 5 nm gold anti-
mouse IgG and enhanced by silver
staining for either 10 min (a) or 3
min (b, c). (a) Each desmosome
(arrows) was clearly decorated with
the silver-enhanced gold probes.
Almost no labeling was observed
on the cell membrane not asso-
ciated with desmosomes or in the
cytoplasmic portion. (b) Desmo-
somes were decorated with the
gold particles and no labeling was
observed in the interdesmosomal
cell membrane. (c) The majority of
the gold probes were observed
within the extracellular portion of
the desmosome. The dotted line
indicates basement membrane
zone. n, nucleus. Scale bars (a)¼ 1
mm, (b)¼ 200 nm, (c)¼100 nm.
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Figure 2
In vivo-bound anti-Dsg3 IgG in
the oral mucous membrane of
PV model mice is located on the
desmosomes and the lateral sur-
face of basal cell. Low-power EM
magnification view, sections from
the PV model mice were incubated
with rabbit anti-mouse IgG followed
by 5 nm gold anti-rabbit IgG and
enhanced by silver staining for 10
min. The labeling was localized
to the keratinocyte surface over
desmosomes (a, suprabasal cell,
b, basal cell). In addition to the des-
mosomal labeling (arrows), there
was linear, discontinuous labeling
along the lateral sides between
basal cells (arrowheads) (b). In these
areas, keratin filaments were retrac-
ted from desmosomal attachment
plaque (open arrows). Scale bars
(a and b)¼1 mm.
Figure3
In vivo-bound anti-Dsg3 IgG in
desmosomes of PV model mice
was localized to the extracellular
region. High magnification views of
the PV model mice incubated with
rabbit anti-mouse IgG followed by 5
nm gold anti-rabbit IgG and en-
hanced by silver staining for 3 min
are shown (a–d). The gold labeling
was bound to all desmosomes and
no labeling was observed between
the desmosomal areas (a, b). The
majority of Dsg3 IgG gold probes
were observed over the extracellu-
lar portion of the desmosome
(b). Using double immunolabeling,
mouse IgG (15 nm gold) and des-
moplakin (5 nm gold) were seen at
distinct sites over the extracellular
portion of the desmosome and at
the junction between the desmoso-
mal attachment plaque and keratin
filaments, respectively in the intact
epidermis (c). Furthermore, by dou-
ble immunolabeling with anti-mouse
IgG (15 nm gold) and b-catenin (5
nm gold, adherens junctions), the b-
catenin labeling was clearly seen
over the intracellular region of inter-
desmosomal adherens junctions
(arrow) whereas IgG was localized
at desmosomes (open arrows) (d).
Dotted line indicates basement
membrane zone. n; nucleus. Scale
bars (a–d)¼200 nm.
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In PV model mice, 93.0  2.56% (95% confidence interval)
of the IgG deposited in vivo was also located within the
extracellular portion of the desmosome (Fig 4b). Both
distributions showed a major peak at the midpoint between
the extracellular region of the desmosome and the fre-
quency of labeling gradually decreased approaching the
desmosomal plasma membrane.
In order to measure the labeling distribution along the
desmosome length, 433 gold particles that labeled Dsg3 in
control mice and 541 gold particles that labeled IgG in the
PV model mice were used. Dsg3 in the control mice and
the IgG deposition in the PV model mice were both regular-
ly and evenly distributed throughout the entire length of
desmosome (Fig 5).
After acantholysis, split-desmosomes remained at the
apical surface of the basal keratinocytes and both PV-
IgG and desmoplakin were detected on the extra- and
intracellular surfaces of the split-desmosome, respecti-
vely Observing the apical surface of acantholytic basal
cells in the PV model mice showed that separated keratino-
cytes maintained numerous split-desmosomes (arrows in
Fig 6a, conventional EM). High magnification views of
immunolabeled areas using cryofixed samples revealed that
the extracellular portion of the split-desmosome was
decorated with IgG (Fig 6b). Almost all split-desmosomes
were decorated with IgG. There was no labeling on the
plasma membrane in the absence of split-desmosomes
and no internalization of split-desmosomes was observed.
Desmoplakin was detected over regions between KFs
and the split-desmosome attachment plaques (Fig 6c)
similar to that observed in desmosomes in the non-
acantholytic areas.
Unique desmosome-like structures lacking keratin ﬁla-
ments and desmoplakin were seen at the lateral surface
of basal keratinocytes At the lateral surface of the basal
cells in the PV model mice there were clusters of IgG over
Figure 4
The positions of Dsg3 in control mice and in vivo-bound IgG in the
PV model mice showed similar distributions within the extracel-
lular portion of the desmosome. The distance from the plasma
membrane histograms were obtained by measuring the distance
between the gold labeling and the dense mid-line of the desmosomes.
Four hundred and thirty-one gold particles that labeled Dsg3 in control
mice and 432 particles that labeled IgG in the PV model mice were
measured, respectively. The majority of both Dsg3 in the control mice
(a) and in vivo-bound IgG in the PV model mice (b) were detected within
the extracellular region of the desmosome and formed a maximal peak
around the dense mid-line. The frequency of each labeling gradually
decreased towards the plasma membranes, shown by the dotted lines.
Figure5
The horizontal distribution of Dsg3 in the control mice and the in
vivo-bound IgG in the PV model mice. The distance from the plasma
membrane histograms were obtained by measuring the distance
between the gold particles and the middle of the desmosome. Four
hundred and thirty-three gold Dsg3 labeled particles in control mice
and 541 gold particles that labeled PV autoantibodies in the PV model
mice were measured. Both the Dsg3 in the control mice (a) and in vivo-
bound IgG in the PV model mice (b) were detected at regular intervals
between the desmosomal attachment plaques.
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areas where two adjacent cell plasma membranes were in
close apposition (arrowheads in Figs 2b and 7a). This unique
feature without any electron dense cytoplasmic desmoso-
mal attachment plaque and KF association with the attach-
ment plaque was seen only at the lateral surface of the
basal keratinocytes in both acantholytic and non-acantho-
lytic epithelia. The distance between the opposing plasma
membranes was almost identical to that of the desmosome
(approximately 30 nm) and there was a faint, dense mid-
line within the desmoglea, mid-way between the adjacent
plasma membranes (arrowhead in Fig 7a). Some of these
structures were observed continuous with and adjacent
to small desmosomes (open arrows in Fig 7d, e). Double-
labeling with mouse IgG (15 nm gold) and desmoplakin
(5 nm gold) demonstrated that the desmoplakin was only
sparsely detected at these unique desmosome-like struc-
tures at the lateral surface of the basal keratinocytes (Fig 7b).
Instead, desmoplakin was seen at the ends of KFs in the
cytoplasm around the desmosome-like structures (Fig 7e).
Using double-sided labeling of mouse IgG (15 nm gold) and
b-catenin (5 nm gold), the desmosome-like structures were
shown to be positive for clusters of IgG but not b-catenin,
indicating that these structures were not adherens junc-
tions (Fig 7c).
Discussion
Desmoglein 3 in desmosomes is directly accessible by
pathogenic anti-Dsg3 IgG in vivo In this study, we have
demonstrated that the majority of Dsg3 epitopes recog-
nized by PV model mouse sera were expressed within the
extracellular region of desmosomes in the control mouse,
and that the in vivo-bound PV IgG in the model mice was
also localized to the extracellular portion of the desmo-
somes. The intra-desmosomal distribution of the target
epitope in the control mouse epithelia and IgG deposition in
the PV mouse epithelia were statistically analyzed in two
dimensions or axes (distance from the plasma membrane
and distribution along the length of the desmosome) and the
two patterns were almost identical. These results indicate
that the anti-Dsg3 IgG antibodies can access the entire
desmosomal Dsg3 protein complex and that the binding of
autoantibodies to this antigen does not immediately cause
any changes in the antigen localization in the non-lesional
epithelia. In the cultured keratinocytes, it is known that Dsg3
exists unbound on the plasma membrane before being
recruited into desmosomes (Aoyama and Kitajima, 1999).
In the presence of PV autoantibodies in the culture
medium, Dsg3 was shown to be depleted from the plasma
membrane that resulted in the formation of abnormal
desmosomes, lacking Dsg3. But in our mouse model
experiments in vivo, the antibody-bound Dsg3 showed the
same distribution as the Dsg3 distribution in control mice
and Dsg3-deficient desmosomes were not found. Even in
the split-desmosomes, IgG binding was regularly observed
on the extracellular surface of the plasma membrane
adjacent to the attachment plaques suggesting the pre-
sence of Dsg3. Furthermore, we could not detect free Dsg3
labeling along the non-desmosomal plasma membrane in
normal epithelia. Thus, depletion of Dsg3 from desmo-
somes is unlikely to be either a major or early step in the
Figure 6
Split-desmosomes were deco-
rated with IgG and maintained
their connection with keratin fi-
laments and desmoplakin in the
acantholytic areas of the PV
model mice. Conventional trans-
mission-EM of the lesional oral
mucous membrane without immu-
nolabeling showed many split-
desmosomes at the apical surface
of the basal cells (a). Immuno-EM
of the acantholytic area stained
with IgG (b) or desmoplakin (c). IgG
was detected at the extracellular
portion of split-desmosomes (b),
which were formed by cleavage of
intact desmosomes during acan-
tholysis, but no labeling was seen
on the adjacent (non-desmosomal)
cell membrane (b). Desmoplakin
was specifically localized to within
the intracellular portion of the inner
desmosome plaque where keratin
filaments were inserted but no
labeling was seen on the adjacent
non-desmosomal cell membranes
(c). Arrows, split-desmosomes.
Asterisk, tonofilament. Scale bars
(a)¼ 1 mm, (b and c)¼ 100 nm.
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pathogenesis of blister formation in this mouse PV model
although such depletion may occur under certain in vitro
conditions.
The unique structures visible on the basal keratinocyte
lateral surfaces may be the desmosomes undergoing
degradation that are not associated with either keratin
ﬁlaments or desmoplakin We have identified a unique
membrane structure with IgG deposition at the lateral
surface, but not at the apical surface, of the basal
keratinocyte in the PV mouse model. This was not observed
in any of the control mice but was regularly seen between
the basal cells in the PV model mice regardless of the
presence of acantholysis or not in the epidermis. These
unique structures comprised flat plasma membranes in
close apposition, with a distance similar to that between the
desmosomal plasma membranes, and these new structures
also possessed a dense midline. Some of them were
continuous with small desmosomes, strongly suggesting
a close relation to desmosomes, although they lacked
tonofilament insertion and attachment plaques. These
structures were not adherens junctions because the
distance between opposing plasma membranes was sig-
nificantly larger and b-catenin labeling was absent from
Figure7
Autoantibody binding was ob-
served at the lateral surface of
basal keratinocytes in the PV
mouse model. At the lateral sur-
face of basal cells, clusters of IgG
(arrowheads) were often observed
over the extracellular portion be-
tween opposing plasma mem-
branes. There was no keratin
filament insertion or desmosomal
attachment plaque visible at these
sites. Between the plasma mem-
brane, a faint, electron-dense mid-
line was observed (arrowhead)
(a). Double immunolabeling, using
desmoplakin (5 nm, smaller gold
particles) showed rudimentary la-
beling just inside the plasma mem-
brane (arrow) (b). Using double
immunolabeling with b-catenin (5
nm, smaller gold particles) these
structures were shown to be dis-
tinct from adherens junctions (AJ)
(c). Continuity between these struc-
tures and desmosomes (open ar-
row) were seen and the distance
between the two membranes was
wider than that between adherens
junctions (AJ) (d). In addition, the
clusters of desmoplakin (arrows)
were seen at the ends of keratin
filaments in the nearby cytoplasm.
These characteristics may sug-
gest that these structures were
degraded desmosomes formed by
the retraction of keratin filaments
and desmoplakin from attachment
plaque (e). Scale bars (a–c)¼
100 nm, (d and e)¼200 nm.
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these structures. Using double labeling, desmoplakin was
localized to the ends of KFs in the cytoplasm around these
unique structures. From these observations, there are two
possibilities regarding the formation of these structures;
they might represent degraded desmosomes formed by the
retraction of KFs and the loss of desmoplakin from
the desmosomal attachment plaque or they might represent
the early stages of desmosome formation before other
plaque components were recruited. The latter, however, is
less likely for the following reasons. (1) The link between
keratin filaments and desmoplakins would make assembly
into the desmosome a slow and highly complex process. (2)
There is no ultrastructural evidence for any molecular
transfer such as the presence of microtubules between
the desmosome-like structure and the desmoplakins
accompanied by keratin. Furthermore, keratin filaments
that usually fill the cytoplasm are lacking in the space
between them. (3) These structures are seen regardless of
the presence of acantholysis in the PV model mouse.
Previous ultrastructural analysis of a desmoplakin gene
knockout in mouse keratinocytes (Gallicano et al, 1998;
Vasioukhin et al, 2001) demonstrated desmosomes with
hypoplastic attachment plaques without KFs insertion
indicating that the loss of desmoplakin is critical not only
for keratin insertion but also for attachment plaque
formation. The lack of desmoplakin in the desmosome-like
structure is thus critical in plaque formation. If they are really
degrading desmosomes, the keratin retraction in the PV
model mice might also be expected to occur on the lateral
sides of the basal keratinocytes. This therefore may by the
first ultrastructural report demonstrating keratin retraction
in vivo, which has not previously been recognized without
the aid of double immunolabeling. Some previous reports
have demonstrated in vivo-bound IgG along the plasma
membrane including the non-desmosomal plasma mem-
brane (Wolff and Schreiner, 1971; Takahashi et al, 1985;
Bedane et al, 1996). Non-desmosomal IgG on the cell
surface might result from the desmosome-like structures
that lack attachment plaques. We could not detect IgG on
the plasma membrane that was not associated with either
normal or aberrant desmosomes in our study.
The splitting of desmosomes, the major morphological
change associated with acantholysis, occurs without
keratin retraction from the attachment plaque We have
shown in this study that the ultrastructural changes in
desmosomes during acantholysis are different between
apical surface and lateral surface of basal cells (Fig 8). In
non-acantholytic areas, or in the epithelium before acantho-
lysis, desmosomes on the apical side of basal cells and
those in the suprabasal layer were intact and the majority of
PV-IgG was deposited at the extracellular portion of the
desmosomes as described above. On the lateral sides of
the basal keratinocytes, both keratin-retracted desmo-
somes and intact desmosomes with IgG deposition were
seen. In the acantholytic area, many split-desmosomes
were found at the blister roof (on the basal surface of
suprabasal cells) as well as the blister floor (i.e., the apical
surface of the basal cells) as previously described (Shimizu
et al, 2002). These split-desmosomes were decorated with
IgG along the extracellular surface and connected to the KF
network. Moreover, keratin-desmosome association in the
presence of desmoplakin was detected in these split-
desmosomes, i.e., the keratin retraction did not take place
on the apical surface of basal cells. From our results, the
fate or local conditions of apical and lateral desmosomes
Figure 8
Schematic diagram of the desmosomal ultrastructural changes in of the PV model mouse. In non-acantholytic areas desmosomes on the
apical side of basal cells and those in the suprabasal layer were intact and the majority of PV-IgG was deposited at the extracellular portion of the
desmosomes (a). Both Dsg3 and desmoplakin showed no significant change in their localization. In addition, unique desmosome-like structures
lacking attachment plaques and keratin filament insertion, indicative of keratin-retracted desmosomes, were seen on the lateral sides of the basal
keratinocytes (b). Within the acantholytic areas, numerous split-desmosomes were seen at the blister roof as well as floor. They were decorated with
anti-Dsg3 IgG on their extracellular surface and kept a connection with keratin filament via desmoplakin (c). Unique desmosome-like structures were
also seen in the acantholytic area at the lateral surface of basal keratinocytes.
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might be different. We suggest the former might be split
in half without keratin retraction, whereas the later are
degraded by keratin retraction. The cleavage of desmo-
somes at the apical surface therefore occurs without
retraction of KF. The reason for these different desmosome
fates remains unknown.
The pathophysiological mechanisms of blister formation
in PV are still uncertain. Currently, two possible mechanisms
for blister formation in PV include; (1) interference of desmo-
somal cadherin-bound antibody with intracellular events,
and/or (2) direct inhibition of the extracellular Dsg3 adhesive
ability by autoantibody binding to Dsg3. Recently, Caldelari
et al (2001) speculated that steric hindrance alone might not
be sufficient to induce PV lesions without keratin retraction
using plakoglobin deficient embryonic keratinocytes. Our
observations of the lateral surface of basal cells are
supportive of keratin retraction under in vivo conditions.
The splitting of desmosomes, however, cannot be explained
by the keratin retraction alone. Mechanical stress may be
the final trigger initiating the separation of desmosomes,
and these desmosomes are susceptible to stress for
reasons other than the loss of keratin retraction itself
because split-desmosomes still retain keratin filaments and
Dsg3 labeling. Some as yet, unknown mechanism, which
requires plakoglobin, for cell–cell detachment may be an
important event after autoantibody binding.
Previously, we have reported that the PV model mice
showed ultrastructure strikingly similar to that of Dsg3
knockout mice (Shimizu et al, 2002). Here we have proven
the presence of Dsg3 in the desmosome during acantho-
lysis. A loss of Dsg3 function may be one mechanism
causing acantholysis in our PV model mice. Recently,
Tsunoda et al (2003) identified a monoclonal antibody
isolated from our PV model mouse that has pathogenic
activity and this antibody is able to induce acantholysis with
the epitope recognizing the amino-terminal adhesive inter-
face of Dsg3. Together with the previous findings, our
results may indicate that autoantibody binding to Dsg3 in
the desmosome causes desmosomal splitting by direct
inhibition of the adhesive function(s) of Dsg3 at least in
some cellular regions of this in vivo PV mouse model.
Materials and Methods
PV model mice PV model mice were produced as described
previously (Amagai et al, 2000). In brief, Dsg3 / mice, which did
not have any immunological tolerance to Dsg3, were immunized
using recombinant mouse-Dsg3 and their splenocytes were
transferred to 7-week-old Rag2 / immunodeficient mice (Schulz
et al, 1996), which were obtained from Taconic Farms (German-
town, New York). The Rag2 / mice stably produced anti-Dsg3
autoantibodies and showed erosions in oral mucous membranes
and patchy hair loss 15–25 d after the cell transfer. Rag2 / mice
without this transfer of Dsg3 /mouse splenocytes were used as
the control mice in this study.
Conventional transmission EM Samples taken from the oral
mucous membrane of the PV model mouse were fixed with 2%
glutaraldehyde and 1% osmium tetroxide, and processed for EM
using conventional methods.
Low-temperature immunoelectron microscopy Samples were
taken from the oral mucous membrane of three PV model mice and
two Rag2 / mice for immuno-EM. Post-embedding immuno-
gold EM with cryofixation and freeze substitution without using
chemical fixatives was performed, as described previously
(Shimizu et al, 1994). In brief, small pieces (o1 mm2) of mucous
membrane samples were cut into small pieces and cryofixed by
rapidly plunging them into cooled liquid propane (1901C) and
cryosubstituted in 100% methanol for 48 h at 801C followed by
embedding in Lowicryl K11M (Chemische Werke Lowi Waldkrai-
burg, Germany) at 601C. Specimens were polymerized with UV
radiation at 601C for 48 h and at room temperature for another
48 h. The ultrathin transverse sections were cut and collected on
nickel grids covered with a polyvinyl folmvar support film and
processed for immunogold labeling.
Localization of in vivo deposited IgG and desmoplakin in the
PV model mice The ultrathin sections of the mucous membrane
of the PV model mice, which were mounted on nickel grids, were
placed on a drop of blocking buffer, 5% normal goat serum (NGS),
0.8% bovine serum albumin (BSA), 0.1% gelatin and 2 mM NaN3 in
phosphate-buffered saline (PBS), pH 7.4, for 30 min. The grids
were incubated in affinity purified rabbit anti-mouse IgG (Hþ L)
(American Qualex Antibodies; San Clemente, California) at 1:320 or
rabbit anti-desmoplakin (Research Diagnostics, Flanders, New
Jersey) at 1:40 diluted in incubation buffer (PBS pH7.4 with 1%
NGS, 0.8% BSA, 0.1% gelatin and 2 mM NaN3) overnight at 41C
and washed in the washing buffer (PBS pH7.4 with, 0.8% BSA,
0.1% gelatin and 2 mM NaN3). Then, they were incubated in 5 nm
or 15 nm colloidal gold-conjugated goat anti-rabbit IgG (Amersham
Life Science, Olen, Belgium) at 1:40 diluted with the incubation
buffer for 2 h at room temperature and washed by washing buffer
and distilled water. To obtain suitable labeling sizes for observation,
the 5 nm gold probes were amplified by incubating the grids with
the IntenSE silver enhancement kit (Amersham). Then, the sections
were stained with saturated uranyl acetate for 6 min and lead
citrate for 1 min and examined by EM (Model 1200EX, JEOL,
Tokyo, Japan). For the control study, Rag2 / mice mucous
membranes were used as a substrate instead of the samples from
the PV model mice.
Localization of Dsg3 in the control mice The ultrathin sections
of the mucous membrane of control mice were immunolabeled by
the same method described above using the PV model mouse
serum diluted 1:40 and 5 nm colloidal gold-conjugated goat anti-
mouse IgG (Amersham) at 1:40 dilution. For the controls, normal
mouse serum was used as primary antibody instead of PV model
mouse serum.
Double-sided immunogold labeling Double immunohistochem-
ical labeling was performed by methods of Bendayan (Bendayan,
1982) with a small modification. In brief, the ultrathin sections of the
mucous membrane of PV model mice were collected on nickel
grids, which were not covered with support films. First, face A of
the tissue section, corresponding to the face where sections were
completely exposed, was immunostained with rabbit anti-b-
catenin (1:40, H-102, Santa Cruz Biotechnology, Delaware Avenue,
California) or with rabbit anti-desmoplakin (1:40, Research Diag-
nostics) by floating the grids on a drop of antibody with face A
down. After washing and drying, the grids were turned face-over,
and face B, the opposite face of the sections/grids were immuno-
labeled with rabbit anti-mouse IgG using a different size of gold
particle as the marker by floating the grids with face B down.
After being washed and stained with uranyl acetate and lead
citrate, carbon coating was performed and the sections were
observed under the EM. For the control study, Rag2 / mice
mucous membranes were used instead of the sample from the PV
model mice.
Quantitative analysis of the immuno-EM Non-oblique immu-
noelectron micrographs of the PV model mice in which IgG was
labeled, and control mice in which Dsg3 was labeled, were taken at
the same magnification (  30, 000) and digitally scanned at a high
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resolution for image analysis using the Image-Pro Plus (Media
Cybernetics; Media Cybernetics; Silver Spring, Maryland). The
distance or thickness (in nm) between the two desmosomal plasma
membranes (L1 in Fig 9a) and the distance of the gold particles
from the mid point of L1 (L2 in Fig 9a) were measured in pairs for
more than 400 gold particles. The horizontal length of the
desmosomal attachment plaque (L3 in Fig 9b) and the distance
between a gold particle and the mid point of L3 (L4 in Fig 9b) were
also measured. Both vertical and horizontal length data were
converted into relative distances using the formula: L2/L1  100
and L3/L4  100, respectively. The relative distance and relative
frequencies were plotted as histograms.
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Figure 9
Characterization of the desmosomal gold labeling distribution. Two
distinct procedures for the measurement of the gold particles within the
desmosome are illustrated. (a) The distribution of the gold particles in
the desmosome was quantified by measuring the distance between
plasma membrane (L1) and between each gold particle and the
reference line (R) (L2). (b) The lengthwise distribution of the gold
particles in the desmosome was quantified by measuring the total
length of the attachment plaque (L3) and the distance between each
gold particle and the reference line (R) (L4). PM, plasma membrane.
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